Purpose: Cerebral Palsy (CP) can negatively affect dynamic stability in children with spastic diplegic Cerebral Palsy during walking. This condition results in a high risk of falling. There is limited evidence regarding the dynamic stability of children with Cerebral Palsy. Thus, this study aimed to investigate the dynamic stability of children with spastic diplegic Cerebral Palsy, compared to typically developed children during walking.
Introduction
erebral Palsy (CP) is a neurological disorder caused by damage or lack of brain maturation. Although brain damage is not progressive, some abnormalities occur in the musculoskeletal system of children which cause reduced stride length and increased double support time [1, 2] . It seems that these changes lead to an unstable walking pattern. The postural balance in children with CP is weak and puts them at risk of falling [2] . However, few studies have been conducted on the dynamic balance of walking in children with CP [3] [4] [5] [6] [7] .
Balance is the ability of a person to keep the body in a stable position and return from an unstable to a stable condition [8, 9] . It also includes balance in an upright standing position and dynamic balance (while performing various tasks like walking). There are some studies on upright standing balance of children with CP [10, 11] . These studies investigated upright standing balance in different positions like tandem and normal stances or in variable sensory conditions like standing with eyes open and closed [12] [13] [14] .
Standing balance test results cannot be generalized to walking balance [14, 15] , and fail to predict the risk of falling during walking [16, 17] . This is because walking is an intrinsically unstable activity where the Center of Mass (COM) is constantly fluctuating uniformly, and may be transferred to the outside of Base of Support (BOS) during single support [5, 18] . Therefore, we can predict the fall risk only by assessing the balance during walking [17, 19] .
Children with CP show a different walking pattern than the normal children. The gait speed in these children is lower to increase their stability [4, 7] . They increase the step width to maintain their lateral balance [4] . They also reduce the step length to increase the balance in posterior/anterior directions. The increased step width observed in those with less balance [20] , and in CP children, is accompanied by an increase in energy expenditure [21] . This walking pattern caused by lack of dynamic balance increases the risk of falling in CP children. Therefore, the dynamic balance of patients is of great importance. Improving the dynamic balance of children with CP, depends on the precise identification of the dynamic balance weaknesses.
Few studies are available on the dynamic balance of CP children. Some drawbacks of these studies include the lack of upper body markers [3] , invalidity of models to assess children's balance [3] , lack of Margin of Stability (MOS) calculations [7] , use of safety belts during walking [4] , variable age range [3, 4, 6, 7] , and variable intensity of CP. We assessed the dynamic balance of children with spastic diplegic CP at a low age range; also we calculated the MOS in these children during walking. 
Highlights
• Center of mass is lower in anteroposterior and higher in mediolateral direction in children with CP compared to normal children.
• Margin of stability increases in children with CP compared to normal children.
• Dynamic stability of CP children is lower.
Plain Language Summary
Cerebral palsy (CP) can negatively affect dynamic stability in children with spastic diplegia CP during walking. This condition results in a high risk of falling. So, this study aims to investigate the dynamic stability of children with spastic diplegia CP and compare it with typically-developed children during walking. CP children walk with lower stride length and speed compared to normal children. Center of mass displacement was also lower in CP children but side to side displacement of center of mass was wider compared to normal children. The margin of stability was higher in the children with CP, thus the dynamic stability of these children was lower compared to normal children during walking. So to increase the dynamic stability of CP children during walking, such exercises are useful that reduce the step width and increase the stride length and walking speed.
Materials and Methods
In this causal-comparative study, 8 children with CP participated with the Mean±SD age, height and weight of 7±1.3 years, 106.25±5.11 cm, and 17.23±2.86 kg, respectively. They were recruited from CP children referring to Neurology centers in Isfahan City, Iran, using convenience sampling method. Inclusion criteria were having spastic diplegic CP, ability to stand and walk independently, no use of walker or other assistive devices, no history of lower limbs and trunk surgery affecting walking, ability to follow the verbal instructions, no history of treatment with botulinum toxin within the last 6 months [3], and being categorized at level II or III based on Gross Motor Function Classification System (GM-FCS). An informed consent form was obtained from the parents of the children before conducting any measurement. Eight normal children were also randomly selected and participated in this study (control group).
The kinematic data was collected at 100 Hz using a 7-camera motion capture system (Qualisys, Qualisys Company, Switzerland). Twenty-two 14-mm diameter illuminated markers were attached to the bony landmarks of the subjects using infrared lights, according to the protocol approved by the University of Strathclyde. The cameras could detect the position of the markers. At first, a static test was performed on the subjects followed by dynamic tests. The length of the walking path inside the laboratory was 10 m, where the distance between starting point and destination was 5 m.
A calibration space (length×width×height=200×100×300 cm) was defined in the laboratory environment and in the middle of the walkway. All data were recorded in this place. All stages of the test were performed by a gait lab expert from the School of Rehabilitation Sciences, Isfahan University of Medical Sciences. Before performing the main tests, each subject performed 2 gait trials in order to get acquainted with the method of testing. Then, the main tests were conducted. In this regard, 3 gait trials were performed on each subject and the mean value of 3 trials was used for subsequent calculations.
During the gait trial, the subjects were barefoot wearing only boxer underwear. The labeling of markers was based on the position of each marker in the software environment. Also, the registration of the static and dynamic phases of walking, and the measurement of spatial and temporal gait parameters were done using the Qualisys software (Qualisys, Switzerland). The Qualisys outputs were exported to Visual3D (version 4, C-motion Inc., USA) for modeling the subjects. The data were filtered at 10 Hz. Eventually, 9 segments (feet, shank, thighs, head, and trunk) were generated to model the patient's body. Finally, the coordinates of the COM were extrapolated to 3 motion screens during the full gait cycle.
The study variables consisted of stride time, step length, gait speed, cadence, raw and normalized motion ranges of COM in vertical, anterior/posterior and medial/lateral planes, and MOS. The MOS can be defined by subtracting the range of motion of extrapolated COM in medial/ lateral plane from the BOS during stance phase of each step [22] . The variables of the COM were normalized according to the leg length and pelvic width, to eliminate the effects of height on the results [23] [24] [25] [26] . The leg length refers to the distance of marker attached to the hip from the ground per centimeter. The pelvic width is the transverse distance between the 2 anterior superior iliac spines on the right and left sides per centimeter. The BOS is the transverse distance between the fifth metatarsal marker on the right and left side, during stance phase of each step [27] .
To test the normality of data distribution, ShapiroWilk test was employed. Data analysis was conducted in SPSS using Independent t-test. The significance level was set at 0.05 (P<0.05). Table 1 presents the demographic characteristics of participants in both groups of CP and control. The spatial and temporal gait parameters for both groups are listed in Table 2 . No significant differences were observed between the 2 groups in terms of cadence and stride time. However, there was a significant difference between them in terms of step length and gait speed. The step length of CP children was 32.25 cm less than that of the controls (P<0.01). Moreover, in comparison with the control group, their gait speed was 0.34 m/s slower (P<0.01).
Results
According to Table 3 which presents dynamic balance variables during walking for both study groups, the non-normalized Mean±SD motion range of COM in CP children in vertical plane was 1.35±0.54 cm, which is similar to the controls (P=0.10). In anterior/posterior plane, the Mean±SD range was 17.93±8.64 cm which is 15.16 cm less than the range reported for the controls (P<0.01). However, in medial/lateral plane, it was 6.47 (2.12) which is 2.41 cm more than that of the control group (P=0.02). Moreover, the normalized motion range of COM in CP children in vertical plane was similar to that of the controls (P=0.36).
They had significant differences with each other in anterior/posterior (P<0.01) and medial/lateral (P=0.02) planes. In anterior/posterior plane, the normalized motion range of COM in CP children was 12.25% lower and 1.23% higher in medial/lateral than the control group (Figure 1) . Furthermore, the Mean±SD score of MOS in CP children was 3.43±1.80 cm. This value was 1.72 cm higher than the MOS in the controls (P=0.02) (Figure 2 ).
Discussion
We investigated the dynamic balance of children with CP in comparison with their norrs during walking. According to the results, the dynamic balance of these children in anterior and posterior directions was significantly lower compared to normal ones, and their MOS was higher. Various determinants can be used to assess the dynamic balance of children with CP. The most common parameters in this regard are the COM movements range related to the BOS in 3 vertical, anterior/posterior, and medial/lateral directions as well as gait speed [28, 29] . In the current study, parameters of gait speed, cadence, step length, and motion range of COM of the 3 vertical, anterior/posterior, and medial/lateral directions were employed.
Results suggest that the gait speed and step length of CP children are significantly less than that of normal children. Patients with musculoskeletal disorders reduce walking speed to improve stability. Children with CP increase dynamic balance by slowing the walking speed [4] [5] [6] [7] and increasing double support. These results are consistent with other studies that reported walking speed and step length of cerebral palsied children are less than that of healthy children [4] [5] [6] [7] .
The data of motion range of COM in anterior/posterior directions in both non-normalized and normalized (to leg length) conditions suggest that this variable is significantly lower in children with CP compared to the healthy subjects, which is in agreement with other studies [5] . Lower movement of COM in anterior/posterior directions indicates that children with CP cannot move the COM as much as normal children. Toe walking is frequent in these children because of the spasticity of plantar flexor muscles in these children.
Plantar flexor muscles of a normal person with eccentric contraction, store forces in passive muscle tissues and in the plantar fascia during walking (loading rate). Then, during the propulsion phase, with the contraction of these muscles and release of energy stored in the muscles and structures of plantar fascia, one can take a longer step. Because of walking on toes in cerebral palsied children, this normal function of the muscles, especially the ankle muscles and the hip extensors and plantar fascia, is lost and the amount of forward movement decreases [30, 31] .
The data of motion range of COM in medial/lateral directions in both non-normalized and normalized (to pelvic width) conditions indicate that this variable in CP children is significantly higher than normal children; which is consistent with other studies [4, 5] . Furthermore, the MOS obtained by subtracting the transverse motion range of COM from the step width, was significantly higher in the CP children compared to normal ones.
The COM might be outside the BOS in medial/lateral plane which increases the risk of falling in these children. Thus, children with CP use a different walking strategy to avoid falling, and enhance their dynamic balance by increasing the BOS for maintaining the COM inside the BOS in medial/lateral plane. In addition, in the single support phase, increasing the lateral motion of the COM requires the activity of the hip abductor muscles to resist the gravitational force resulting from the upper body masses [18] . Therefore, because of the inability of these children to produce hip abductor torque for preventing hip and trunk loss on the other side in single support phase, instead of moving the swinging leg in a greater range in the anterior/posterior direction, they move the swinging leg in the lateral direction. Also, by increasing the step width, they try to maintain their balance on the lateral plane [4] .
The gait speed, step length, and motion range of the COM in anterior/posterior and medial/lateral directions are lower in the CP children. Thus, the reduction of vertical movement of the COM is also plausible. However, our results demonstrate that the motion range of the COM in vertical direction, both in non-normalized and normalized states, do not differ significantly between the children with and without CP. Maybe the reason for this is that most children with CP walk on their toes as a result of spasticity in the plantar flexor muscles [23, 24] .
They also have increased knee flexion in the dual support phase. Walking on the toes increases the COM. In the dual support phase, in contrast, the COM decreases due to increased knee flexion [32] . Therefore, despite a higher decrease in dynamic balance variables, the COM of children with CP do not significantly differ from the normal subjects.
The gait speed is an important variable for measuring dynamic balance during walking. By increasing the speed of walking, dynamic balance increases [28, 29] . Reduction in the COM movement in different vertical, anterior/ posterior, and medial/lateral directions when the speed of walking is constant, indicates an increase in the dynamic balance during walking. Increased lateral displacement and decreased anterior/posterior displacement of the COM in CP children indicates a change in their walking pattern. These changes in the COM in various directions are accompanied by slowed walking speed in these children. As a result, the dynamic balance during walking in CP children decreases. In the present study, because of the inability of CP children to move on the force plate, it was not possible to record a single step on the force plate. Thus, instead of using the pressure force data, the fifth metatarsal markers data were employed to measure the BOS.
The increase in medial/lateral movement and decrease in anterior/posterior movement of the COM in children with CP is an indicative of change in their walking pattern. The association between these changes and slowed gait speed suggested a decrease in the dynamic balance of these children during walking.
